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ABSTRACT

Snow albedo plays an important role in land models for weather, climate, and hydrometeorological studies,
but its treatment in various land models still contains significant deficiencies. Complementary to previous
studies that evaluated the snow albedo as part of an overall land model study, the snow albedo formulations as
used in four major weather forecasting and climate models [European Centre for Medium-Range Weather
Forecasts (ECMWEF), National Centers for Environmental Prediction (NCEP) “Noah’’ land model, National
Center for Atmospheric Research (NCAR) Community Land Model (CLM3), and NCEP global model] were
directly evaluated here using multiyear Boreal Ecosystem—Atmosphere Study (BOREAS) in situ data over
grass and forest sites. First, four idealized cases over grass and forest sites were designed to understand bet-
ter the different albedo formulations in these models. Then the BOREAS data were used to evaluate snow
albedo and relevant formulations and to identify deficiencies of each model. Based on these analyses, sug-
gestions that involve only minor changes in parameters or formulations were made to significantly reduce
these deficiencies of each model. For the ECMWF land model, using the square root of snow water equivalent
(SWE), rather than SWE itself, in the computation of snow fraction would significantly reduce the under-
estimation of albedo over grass. For the NCEP Noah land model, reducing (increasing) the critical SWE for
full snow cover over short (tall) vegetation would reduce the underestimate (overestimate) of snow albedo
over the grass (forest) site. For the NCAR CLM3, revising the coefficient used in the ground snow-fraction
computation would substantially reduce the albedo underestimation over grass. For the albedo formulations
in the NCEP global model, replacing the globally constant fresh snow albedo by the vegetation-type-
dependent Moderate-Resolution Imaging Spectroradiometer (MODIS) maximum snow albedo would sig-
nificantly improve the overestimation of model albedo over forest.
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1. Introduction

Albedo plays an important role in land surface energy
balance, and it is strongly affected by snow cover. When
trees (with a relatively low surface albedo) are present,
they can extend above the snowpack, ‘‘masking out” the
relatively high albedo of snow under canopy. This would
lead to warmer winter temperatures than if trees were
not present (e.g., Bonan et al. 1992). The snow albedo
feedback is one of the recognized positive feedbacks in
the climate system (e.g., Qu and Hall 2006): increased air
temperature would reduce snow cover over the Northern
Hemisphere extratropics, leading to less reflection of
solar radiation, which would result in more warming be-
cause of the additional absorbed solar radiation.
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The principles of snow albedo at a small spatial scale
have been well established, with the spectral depen-
dence, grain size and type, and contamination being im-
portant factors in the snow albedo computation (e.g.,
Wiscombe and Warren 1980; Warren and Wiscombe
1980). Marshall and Warren (1987) found that the spec-
trally averaged snow albedo varies with snow grain size,
solar zenith angle (SZA), snow cover thickness, un-
derlying surface albedo (for thin snow), and absorptive
impurities in the snowpack. Among these factors, grain
size is the most important variable controlling snow al-
bedo: a photon has a chance of being scattered when it
crosses an air—ice interface and has a chance of being
absorbed only when it is passing through the ice; an in-
crease in grain size causes an increase in the path length
that must be traveled through the ice between scattering
opportunities and hence reduces the snow albedo (Warren
1982). However, snow grain size is difficult to predict and
is crudely parameterized in terms of the snow age and its
temperature history (e.g., Anderson 1976).
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Snow albedo has been evaluated as part of an overall
land model albedo study (Slater et al. 2001; Zhou et al.
2003; Oleson et al. 2003; Wang et al. 2004; Tian et al.
2004). For instance, Zhou et al. (2003) found that, rel-
ative to the Moderate-Resolution Imaging Spectrora-
diometer (MODIS) data, the Community Land Model
(CLM) underestimates albedos in the visible band (0.3
0.7 wm) over northern high latitudes, mainly because of
its overestimation of leaf area index (LAI) and stem
area index (SAI), but overestimates albedos in the near-
infrared band (0.7-5.0 wm) over Greenland and north-
ern Canada. Their analysis indicates that CLM should
better represent LAI, SAI, and vegetation albedo in the
presence of snow. Snow albedo has also been evaluated
as part of the snow submodel evaluation (Slater et al.
2001). For instance, the basic variables, including snow
depth, snow albedo, snow water equivalent (SWE), snow
cover fraction, and snow temperature, in the snow sub-
model of the Biosphere—Atmosphere Transfer Scheme
(BATS) were evaluated using the available data in Yang
et al. (1997). They found that the original snow cover
parameterization underestimates snow cover fraction and
surface albedo. Their suggested snow cover parameteri-
zation can correct this deficiency but also slightly de-
grades the simulated surface temperature and SWE.

However, because of nonlinear interactions between
snow and other processes in land models, it is difficult
from these studies to address questions such as, Is the
snow albedo treatment itself in land models appropri-
ate? For instance, a land model could have an earlier
snowmelt for a variety of reasons, and the subsequent
albedo in the model would be very different from the
observed snow albedo. A typical land modeling study
could easily claim that the simulated albedo is defi-
cient; however, this bad model performance does not
necessarily imply that the snow albedo formulation it-
self is incorrect. The purpose of this study is to address
the above question by directly testing the snow albedo
formulations as used in some of the major weather
forecasting and climate research centers, including the
National Centers for Environmental Prediction (NCEP)-
Oregon State University—U.S. Air Force—National Weather
Service Office of Hydrologic Development (Noah) land
model (Mitchell et al. 2004) as used in regional and
global weather forecasting at NCEP and in the Weather
Research and Forecasting Model (WRF), the formula-
tions used in the radiative transfer computation (Hou
et al. 2002) of the NCEP Climate Data Assimilation
System (denoted as NG in this paper), the land model
used by the European Centre for Medium-Range Weather
Forecasts (ECMWF; see http://www.ecmwf.int), and ver-
sion 3 of the Community Land Model (CLM3; Oleson
et al. 2004) in the Community Climate System Model at
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the National Center for Atmospheric Research (NCAR).
Note that while Noah is the land component in the NCEP
global models, the albedo computation is based on Hou
et al. (2002; version denoted as NG). This work is com-
plementary to previous studies (Boone and Etchevers
2001; Slater et al. 2001; Niu and Yang 2007) by focusing
on process studies rather than running the land mod-
els with full physics. Note that more-sophisticated snow
models have also been developed (e.g., Jordan 1991),
but their use in weather and climate models has been
limited because of their complexity and relatively higher
computational cost. Therefore, these snow models are
not included in this study.

The snow albedo treatments in the above four major
models are briefly summarized in section 2. The four
idealized cases are described in section 3, and the eval-
uation of snow formulations using in situ data is shown in
section 4. The sensitivity tests are discussed in section 5,
and a summary is given in section 6.

2. Snow albedo treatments in ECMWF, Noah,
NG, and CLM3

a. ECMWF land model

In the ECMWEF land model (http://www.ecmwf.int/
research/ifsdocs/CY28rl), a land grid box is composed
of three basic surface types: low vegetation, high vege-
tation, and bare ground. The low vegetation type with
a fractional area of A, is further divided into a vegeta-
tion portion with its fractional area ¢; = 0.854; and
a bare-ground portion (0.15A4;). Likewise, the high
vegetation type with a fractional area of Ay is divided
into a vegetated portion (cg = 0.9Ay) and a bare-
ground portion (0.1Ag). The fractional area of total
bare groundiscg =1 —cy — cy.

Here ¢y is used to calculate the fractional area of snow
overlying low vegetation and bare ground (cs) and over-
lying high vegetation (¢7) as ¢s = ¢o(1 — ¢y) and ¢; =
¢snCr, Tespectively. In these expressions, ¢, = min(1,
WIW,), W is the SWE (in meters), and W, = 0.015 m is
the minimum SWE that ensures complete coverage of
the grid box.

Snow albedo for snow on low vegetation and bare
ground ranges from 0.5 for old snow to 0.85 for fresh
snow (Douville et al. 1995). To be specific, for non-
melting conditions, the decrease of snow albedo with
time is computed as

altt =al, — 7, A/86400, (1)
where 7, is the linear coefficient to decrease the albedo
by 0.1 in 12.5 days (7, = 0.008) and At is the time step
(in seconds). For melting conditions,
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a;rl = (a;n - amin) exp(786 400 ) tos (2)

where ani, = 0.5. If snowfall is higher than 1 kg m 2h !
the snow albedo is reset to the maximum value o/f! =
max = 0.85.

The albedo for high vegetation with snow underneath
is fixed at 0.15 in the ECMWF land model. Observations
suggest that, by and large, the albedo changes from a
value that is around 0.3 just after a heavy snowfall to
avalue that is around 0.2 after a few days over areas with
different types of forests (Betts and Ball 1997; Viterbo
and Betts 1999). This change reflects the disappearance
of intercepted snow as a result of melt for sufficiently
warm temperature or wind drift for cold temperature.
Ways of describing these two mechanisms would involve
a separate albedo variable for either the snow in the
presence of high vegetation or the intercepted snow by
canopy. In the absence of either of the two, ag, r = 0.15
is used in the ECMWF model for snow in the presence
of high vegetation based on Viterbo and Betts (1999).

b. Noah land model

The Noah land surface model (Mitchell et al. 2004)
provides the land component for the regional and global
weather forecasting models at NCEP and for the version
of the WRF at NCAR. The treatment of snow and fro-
zen ground in Noah is described in Koren et al. (1999).

The fractional snow coverage is computed as a func-
tion of SWE (W):

=1— — — |+ — _
fa=1 exp( aSWCI) W exp( as), 3)

cr

where « is a distribution shape parameter and W, is the
threshold SWE above which f;, is 100%. Equation (3)
fits the empirical areal snow depletion curves from
Anderson (1973) well for a; varying from 2 to 4 (Koren
et al. 1999). In Noah, a, = 2.6, W, = 0.04 m for grass,
and W,, = 0.08 m for forest.

The albedo including snow effect is then computed as

= asn-free + fsn (asn,max - asn-free)’ (4)

where ag free i the snow-free albedo and agy max 1S the
maximum albedo over deep snow. Maximum snow al-
bedo agy max and monthly ag, free Values are specified for
each grid cell based on satellite data at NCEP (Robinson
and Kukla 1985). In contrast, ag free and @y max are
prescribed for each vegetation type for the NCAR ver-
sion of WRF (Chen and Dudhia 2001).
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c¢. NCEP global model (NG)

Whereas Noah is the land component in the regional
and global models at NCEP and in the version of WRF
at NCAR, a different albedo treatment (Hou et al. 2002)
is still used operationally at NCEP in its global modeling
systems (the medium-range Global Forecast System, the
ocean—atmosphere coupled Climate Forecast System,
and the Climate Data Assimilation System). In this al-
bedo scheme, Hou et al. (2002) used a seasonally varying
surface albedo dataset at 1° horizontal resolution de-
veloped based on Briegleb (1992) and Briegleb et al.
(1986). Each seasonal albedo dataset contains back-
ground surface diffuse albedo for a strong or weak SZA
dependency in the visible (VIS; A = 0.7 wm) and near-
infrared (NIR; A = 0.7 um) bands (denoted as ag yis,
aw.vis, @sNIR, and aw Nir, respectively), as well as the
fractional coverage of the surface vegetation types with
strong or weak zenith angle dependence (i.e., fs or fiy).
The area-weighted averages ag;; are used to represent
the snow-free diffuse albedos (e.g., asvisfs + awvisfw
for the average diffuse albedo in the VIS band). The
snow-free direct albedo ay;, is then computed from

1+C
%ir(0) = i T3¢ ot ©)

where ag;; is the seasonal diffuse albedo discussed above
and 6 is the SZA. Of the 13 vegetation types used in Hou
et al. (2002), seven types are characterized by a strong
SZA dependence with C = 0.4 in Eq. (5) and the re-
maining types are characterized by a weak SZA de-
pendence with C = 0.1.

In a given land grid, the fraction of snow-covered area
is computed from

20w
f —

sn mflja (6)

where W is SWE, z, is the roughness length for mo-
mentum (about 10% of vegetation height), and f is a
shading factor related to the subgrid variation of orog-
raphy and is limited to be between 0.2 (for rugged
mountainous orography with high variances) and 1 (for
flat terrain). In this study, fy is not considered and is
assumed to be 1.

The diffuse snow albedo adiff is prescribed as 0.9 and
0.75 for the VIS and NIR bands, respectively. The di-
rect snow albedo is taken to be the same as the diffuse
albedo for SZA lower than 60°, whereas it is dependent
on SZA for SZA higher than 60° based on Briegleb
(1992):
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The four components (direct and diffuse albedos for the
VIS and NIR bands) of total surface albedo are obtained
as the area-weighted averages of snow-free and snow
albedos.

d. NCAR CLM3

The NCAR CLM3 (Oleson et al. 2004) separately
computes albedos for soil, snow, and vegetation and
then takes the total albedo of a grid box as an average
of these albedos weighted by the representative area
fractions. These albedos are computed based on the
two-stream scheme for radiative transfer in plant cano-
pies (Dickinson 1983; Sellers 1985; Bonan 1996) under
three assumptions: 1) fluxes are isotropic in the upward
and downward directions only, 2) the canopy is hori-
zontally uniform, and 3) the scattering and absorbing
elements in the canopy are randomly distributed in space.
Under these assumptions, the direct and diffuse albedos
are obtained from the complicated analytical solutions
of the radiative transfer equations that are related to the
following factors: the scattering coefficient, upscatter
parameters for diffuse and direct beam radiation, the
optical depth of direct beam per unit leaf and stem area,
solar zenith angle, and the average inverse diffuse op-
tical depth per unit leaf and stem area.

The ground snow fraction f;,, is computed from

Z

foo= 10— (®)

o 1OZOm g + Zsn

where zg, is the snow depth (m) and z(,,, ; = 0.01 mis the
momentum roughness length for soil. Then the ground
albedo is taken as the area-weighted average of snow-
free and snow albedos. The snow-free soil albedo depends
on the prescribed soil color and soil moisture (Dickinson
et al. 1993).

The snow albedo ay, depends on SZA and snow age.
For SZA lower than 60° the direct beam snow albedo
asy(0) is the same as the diffuse snow albedo (taken as
0.95 and 0.65 for VIS and NIR, respectively). For SZA
higher than 60°, the SZA dependence is considered to be

ag vis(0)=0.95(1-0.2f, ) +0.2[1 - 0.95(1 - 0.2f, )]

age age

3
><(if:17;;5"1) and ©)
oty g (0)=0.65(1 = 0.5f, ) +02[1 - 0.65(1 —0.5f, )]

age
3
X[
(1 +4 cosf 1) ’ (10)
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where f,q is a transformed snow age used to give the
fractional reduction of snow albedo resulting from snow
aging effect:

_1
1+~

sn

Fue=1- (11)

The nondimensional age of snow 7, is incremented as

a model prognostic variable at each time step as follows:

0<W =800
W > 800,

At =7,(r, +r,+ry)At for
=0 for (12)
where At is the model time step (s), 7o = 1 X 10°° (s 1),
and W is the SWE (kg m~?). The term r, represents
the effect of grain growth due to vapor diffusion (and
therefore surface temperature of the top snow layer),
the term r, represents the additional effect near and
at melting point (0°C), and the term r3 represents the
effect of dirt and soot [see Oleson et al. (2004) for more
details].
In addition to ground snow cover, CLM3 considers
the vegetation fraction covered by intercepted snow:

w 2/3
— can = + 9>
fas pats] =1 LS

=0 L+5=0, (13)
where W.,, is the SWE intercepted by canopy and
p(L + §) is the maximum amount of SWE the canopy
can hold, where (L + S) represents the leaf and stem
area index and p = 0.1 mm. Note that Eq. (13) is also
used in CLM3 for rainfall intercepted by canopy with
Wean denoting the intercepted water. This fraction fye is
used (e.g., by modifying the scattering coefficient) in the
two-stream radiative transfer computation of surface
albedo (Oleson et al. 2004).

Furthermore, CLM3 considers the vertical fraction of
vegetation covered by snow as

fsn — an _ Zbot
veg

for z, —z,, =0, (14)

ztop ~ Zpot

where 7., and zpo are the heights of the canopy top and
bottom, respectively. The leaf and stem area indices are
then adjusted for vertical snow burial as

A=A = fg,),

(15)

where A* is the leaf or stem area before adjustment for
snow and A is the remaining exposed leaf or stem area
used in the two-stream radiative transfer computation in
CLM3.
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FIG. 1. Temporal variation of diffuse albedo (a) over the grass site (52.16°N, 106.6°W) and
(b) over the forest site (53.92°N, 104.69°W) from 1 to 20 Feb for the idealized cases 1 and 2.

3. Four idealized cases

For simplicity, we compare snow age, snow fraction,
direct albedo, and diffuse albedo among different models
in four idealized cases without new snowfall or snowmelt
at the Boreal Ecosystem—Atmosphere Study (BOREAS)
grass site (52.16°N, 106.6°W) and the forest site (53.92°N,
104.69°W) over old jack pine.

a. Case 1 (low vegetation with deep snow)

Grass is assumed to be covered by snow of 1 m in
depth (to ensure full snow cover) with 100 kg m > as the
initial snow density at the BOREAS grass site. The
model formulations were run for 20 days starting from
0000 local standard time (LST) 1 February.

In ECMWE, full vegetation cover (A; = 1) is as-
sumed, and the initial albedo is assumed to be the
maximum snow albedo (0.85). Then Eq. (1) is used to
compute the variation of albedo with time.

In Noah, SWE is constant (because there is no new
snowfall or snowmelt in this idealized case) and can be
obtained from the initial snow density and snow depth.
Equations (3) and (4) are then used to compute the snow

fraction and snow-covered surface albedo. The snow-
free albedo oy, free 1S Obtained from a lookup table, and
maximum snow albedo a, may 1S obtained from vegetation-
type-dependent MODIS maximum snow albedo data
(Barlage et al. 2005).

In NG, Eq. (6) with the orography factor f; = 1 (flat-
terrain assumption) is used to compute the snow frac-
tion, and Eq. (7) is used to compute the snow albedo.
The albedo for the grid cell is the average of snow-free
albedo and snow albedo using snow fraction as the
weighting factor.

In CLM3, full vegetation cover is assumed along with
a leaf and stem area index (LSAI = LAI + SAI) of 0.5.
The fraction of the ground covered with snow is com-
puted from Eq. (8), and then LSAI is adjusted by
Eq. (15). The direct snow albedos in the VIS and NIR
bands are computed from Egs. (9) and (10). The direct
albedo in the shortwave band is obtained from the av-
erage of snow albedo in the VIS and NIR bands.

Since CLM3 and ECMWEF consider the snow aging
process, their albedos decrease with time (Fig. 1a). Be-
cause SWE is assumed to be constant for this idealized
case, snow albedo in Noah and NG does not change with
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FI1G. 2. Comparison of the (left) black-sky (or direct) albedo and (right) its normalized values by its corresponding
diffuse albedo on 1 Feb (a),(b) over the grass site (52.16°N, 106.6°W) for the idealized case 1 and (c),(d) over the

forest site (53.92°N, 104.69°W) for the idealized case 2.

time (Fig. 1a). For such an idealized case, the albedos at
the beginning or end of the integration are still very
different among the four models (Fig. 1a), suggesting
that the measurement and land modeling communities
need to work more closely to address this type of re-
solvable issues.

b. Case 2 (high vegetation with deep snow)

Case 2 is the same as case 1 but is for the BOREAS
forest site with 2 m of snow on the ground (under trees).
Vegetation cover Ay = 1in ECMWF, and LSAI is taken
as 4 in CLM3. The model formulations were run for
20 days, starting from 0000 LST 1 February.

Comparison of the diffuse albedos over the grass
versus forest sites in Figs. 1a and 1b indicates that NG
treats snow above grass and snow under trees in the
same way in computing the snow fraction in Eq. (6).
Because f;, = 1 in Eq. (3) over these two sites in Noah,
the significantly different albedos over the two sites re-
flect the use of different maximum snow albedos over

these sites. The ECMWF snow albedo in Fig. 1b is
slightly higher than the prescribed 0.15 for snow under
trees, because fractional tree cover is assumed to be 0.9
and snow over the bare-ground fraction (0.1 of the grid
cell) has a much higher albedo. With the explicit treat-
ment of snow on the ground, snow burial fraction, and
snow intercepted by canopy, CLM3 is able to distinguish
snow above grass in Fig. 1a versus snow under trees in
Fig. 1b.

As mentioned earlier, the SZA dependence is not
considered in Noah or ECMWF, but it is considered in
NG and CLM3. For example, Figs. 2a and 2b show the
black-sky (or direct) albedo (BSA) and its normalized
values on the first day of integration (1 February). Both
BSA and normalized BSA increase with SZA faster in
NG than in CLM3 over the grass site. If the aging factor
fage is not considered in CLM3 [i.e., in Egs. (9) and (10)],
the functional form of Egs. (9) and (10) is the same as
that in Eq. (7) for NG. However, the SZA-dependent
factor (0.5) in NG is different from that (0.2) in CLM3,
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FIG. 3. Comparison of (a) snow cover fraction and (b) diffuse albedo as a function of snow
depth for four land surface models over the grass site at local noon on 1 Feb for the idealized

case 3.

which is the reason for their different albedo depen-
dences on SZA in Figs. 2a and 2b. Note that whereas
these formulations originally came from Dickinson et al.
(1986), in which the factor of 0.2 was used, the value of
0.51in Eq. (7) was adopted in Briegleb (1992) and used in
Hou et al. (2002).

In NG, the albedo over the grass or forest site has
the same SZA dependence in Eq. (7), as also shown in
Figs. 2b and 2d. Through its two-stream radiative transfer
computation, CLM3 shows a much stronger SZA de-
pendence of the normalized albedo over the forest site
(Fig. 2d) than over the grass site (Fig. 2b).

The snow cover fraction plays an important role in the
computation of albedo and energy balance of the land
surface (e.g., Cess et al. 1991). Therefore, cases 3 and 4
are designed to examine the snow cover fraction used in
different models and its effect on snow albedo.

c. Case 3 (low vegetation with variable snow depth)

Case 3 is the same as case 1 (i.e., over the grass site)
except for running the model formulations for one day
with different initial snow depths from 0 to 1 m. Figure 3a

shows that snow fraction based on Eq. (6) in NG (with
grass roughness length z, = 0.08 m) initially increases
fastest with snow depth but that ECMWF snow fraction
reaches unity first at snow depth of 15 cm. In contrast,
even with 1-m snow, the ground is still not fully covered in
CLM3 or NG based on similar formulations [i.e., Egs. (6)
or (8)]. This problem has also been addressed in previous
studies (e.g., Niu and Yang 2007). Note that snow fraction
is capped at 0.98 in Noah.

d. Case 4 (high vegetation with variable snow depth)

Case 4 is the same as case 2 (i.e., over the forest site)
except for running the model formulations for one day
with different initial snow depths from 0 to2 m. ECMWF
snow fraction is independent of vegetation types (Figs. 3a
and 4a). In strict terms, this fraction only refers to the
snow fraction on the ground (under trees) and the shad-
ing effect is implicitly considered by prescribing a con-
stant (0.15) albedo for snow under trees in ECMWF
(Fig. 4b). In a similar way, the ground snow fraction in
CLM3 is computed in Eq. (8), independent of vegetation
types. Then the two-stream radiative transfer computation
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FIG. 4. As in Fig. 3, but over the forest site for the idealized case 4.

yields different albedos over the grass and forest sites
(Figs. 3b and 4b). While the diffuse albedo over the forest
site converges to a value that is significantly smaller than
over the grass site in Noah, ECMWF, and CLM3 (which
is qualitatively correct), it still increases with snow depth
in NG even after snow depth is greater than 1 m, which is
incorrect.

4. Comparison of model results with in situ data

The above four cases consider the idealized condi-
tions but do not compare with the observational data.
BOREAS was a large-scale, multidisciplinary project fo-
cusing on understanding how the boreal ecosystem would
respond to a change in climate (Sellers et al. 1995). The
BOREAS study region covered most of Saskatchewan
and Manitoba in Canada, containing northern study
areas and southern study areas within which process
study sites were located (Sellers et al. 1997). A more
detailed description of the site locations, site environ-
ments, and instruments can be found in Shewchuk
(1997). Here the BOREAS in situ data from 1994 to
1996 over a grass site (52.16°N, 106.6°W) and a forest site
(53.92°N, 104.69°W) (Betts and Ball 1997) are used. The

same sites were also used in the above idealized case
studies.

Because we intend to test model albedo formulations
directly (without running the land model), we only select
periods with snow on the ground but without snowfall
or snowmelt for the model-data comparison. Figure Sa
compares model albedos (including SZA dependence)
with observations for 7 March 1996 when the above
criteria were met. A single plant functional type (i.e.,
grass) is used for each model along with default model
parameters for the month of March (e.g., leaf and stem
area indices of 0.5 and 0.3, respectively, in CLM3). Be-
cause in situ measurements provide the blue-sky albedo
only (i.e., the total albedo due to direct and diffuse ra-
diations), we have also plotted the model blue-sky al-
bedos as the average model black-sky (or direct) and
white-sky (or diffuse) albedos weighted by the observed
diffuse ratio. It is obvious that the SZA dependence of
the blue-sky albedo is weaker than that of the black-
sky albedo (e.g., Fig. 5a vs Fig. 2a; Wang and Zeng 2008).
In comparison with observations, CLM3 and Noah sig-
nificantly underestimate the albedo (Fig. 5a) because
of relatively small snow fraction (Fig. 3a). NG albedo
is closest to observations because it has the highest
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snowmelt in these days.

snow fraction among the four models for shallow snow
(Fig. 3a).

Figure 5b shows the corresponding results over the
BOREAS forest site on 16 January 1996 with snow depth
of 0.45 m. ECMWEF results are closest to observations
because these observations were the basis for prescribing
a constant albedo for snow under trees in the ECMWF
land model (Viterbo and Betts 1999). CLM3 results are
also reasonable because the two-stream approximation
can partially handle the forest shading of underlying snow
with the leaf and stem area indices of 2.8 and 0.6, re-
spectively. Sensitivity tests will be done later to address
the dependence of results on LAI and SAI in CLM3.
Even though NG has the smallest snow fraction (Fig. 4a),
it still has the highest snow albedo (Fig. 4b), which is
much higher than the observed values (Fig. 5b). The
reason is that NG does not consider the forest shading
effect of underlying snow. Even though the snow fraction
from Noah is 2 times that from NG for this case with
0.45-m snow (Fig. 4a), the Noah snow albedo is still
smaller than that of NG (Figs. 4b and 5b) because of the
use of maximum snow albedo that (at least partially)
considers the forest shading effect of underlying snow.

However, Noah snow albedo is still higher than the ob-
servations (Fig. 5b).

To address the robustness of the results in Fig. 5, we
have also evaluated the multiyear BOREAS data (from
1994 to 1996) over the grass and forest sites to pick up
days that meet the criteria used for Fig. 5; results are
summarized in Fig. 6. Each point represents the daily-
averaged blue-sky albedo for each of the days with snow
on the ground but without snowfall or snowmelt. Over
the grass site, CLM3, Noah, and, to a lesser degree,
ECMWEF underestimate the albedo (Fig. 6a), consistent
with results in Fig. 5a. Although NG albedo is slightly
higher than observed values for one day in Fig. Sa, it is
overall smaller than the observed values when the com-
plete BOREAS data are analyzed (Fig. 6a), indicating
the importance of using long-term observations. Over the
forest site, CLM3 and ECMWF albedos are relatively
close to measurement but Noah and NG overestimate
albedo (Fig. 6b), consistent with results from Fig. 5b.

Snow albedo is generally reduced because of the snow
aging effect (i.e., increasing snow grain size and dirt and
soot content). Among the above four models, CLM3
and ECMWEF consider the snow aging process in albedo
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computation; the decrease of albedo with time over the
grass site was shown in Fig. 1. To see how realistic the
snow aging treatment is, we choose the snow periods
without new snowfall or snowmelt and without missing
data based on the multiyear BOREAS data (from 1994 to
1996). Figure 7 compares the blue-sky albedo from CLM3
and ECMWF with BOREAS data during these periods.
For the high snow albedo values over grass, the decay
rate of the model albedo is smaller than observed data
(Figs. 7a,b). The relatively fast decrease of snow albedo is
consistent with previous studies (e.g., Baker et al. 1990).
However, for lower snow albedo values over grass, the
snow aging effect from the models is close to observation.
Over the forest site, the snow albedo is much lower than
over the grass site, and the decrease of albedo is slow with
time (Figs. 7d-f). Further studies are still needed to ad-
dress the snow aging process using observational data
from longer periods without snowfall or snowmelt.

5. Sensitivity tests to understand the differences
between model results and data

Figure 6 provides a robust measure of the perfor-
mance of each land model. Although model formula-

tions or parameters can be tuned to reduce substantially
the albedo bias, excessive tuning usually reduces the
transferability of revised formulations or parameters to
other regions over global land. Furthermore, there is an
inherent difference between point measurements and
gridcell average albedos from models. Therefore, based
on our understanding of each land model from Figs. 1-7,
our goal here is to demonstrate that even minor changes
to each model can significantly improve each model’s
performance. It goes beyond the scope of this study to
optimize all relevant parameters and formulations to
minimize the model-data difference.

For NG, there is a significant overestimate of albedo
over forest (Fig. 6b), whereas the albedo bias is much
smaller in magnitude over grass (Fig. 6a). Because NG
does not explicitly consider the snow shading effect of
trees, our suggestion is to replace the global constant
diffuse snow albedo (i.e., 0.9 and 0.75 for the VIS and
NIR bands, or 0.825 for the shortwave band) in Eq. (7)
by the vegetation-type-dependent maximum snow al-
bedo derived from the bidirectional reflectance dis-
tribution function/albedo, reflectance, and land cover
measured from the MODIS sensor on board the Terra
and Aqua satellites (Barlage et al. 2005). Because the
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MODIS maximum snow albedo differs most from (0.9 +
0.75) X 0.5 = 0.825 as used in NG over forests, the effect
is most significant over forests (rather than over short
vegetation), as demonstrated in Fig. 8.

For the Noah land model, W, is a critical parameter
controlling the computation of snow fraction in Eq. (3).
Because Noah significantly underestimates albedo over
grass (Fig. 6a) but overestimates albedo over forest (Fig. 6b),
it is necessary to reduce W, for short vegetation but
increase it for tall vegetation. Therefore, our suggestion
is to use W, = 0.01 m for short vegetation and W, =
0.2 m for tall vegetation in Eq. (3) (in contrast to 0.04
and 0.08 m used in Noah, respectively). Furthermore,
although satellite-based maximum snow albedo is used
over each grid cell in Noah as implemented at NCEP,
a specified value for each vegetation type is used for
Noah as implemented in the NCAR version of WRF. In
our Noah tests so far, the MODIS maximum snow al-
bedos (Barlage et al. 2005) are used. Therefore, we have
also done sensitivity tests using the vegetation-type-
dependent maximum snow albedo as used in WRF at

NCAR. Figure 9 summarizes the sensitivity of Noah to
W, and maximum snow albedo. Over the grass site, the
MODIS albedo is similar to the default value used in the
NCAR version of WRF, whereas the decrease of W,
from 0.04 to 0.01 m reduces the albedo bias by more
than 50% (Fig. 9a). Over the forest site, using the re-
vised W, value significantly reduces the Noah albedo
bias, whereas the use of the maximum snow albedo
from WRF at NCAR significantly increase the Noah
albedo bias (Fig. 9b). Note that, although the aging ef-
fect of snow density is considered, the direct effect of
aging on snow albedo is not considered in Noah. For
instance, the fresh snow albedo is generally higher than
the MODIS value of 0.7 as used in Fig. 9a, and the
explicit inclusion of the aging effect on snow albedo
(with a higher fresh snow albedo than the MODIS max-
imum snow albedo) would further reduce the Noah al-
bedo bias in Fig. 9a.

For ECMWEF, there is an underestimate of albedo
over grass (Fig. 6a), and our suggestion is simply to re-
vise the snow fraction formulation as
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Figure 10 shows that this revision reduces the albedo
bias by more than 50% over grass without affecting the
already good results over forest.

For CLM3, there is a substantial underestimate of
albedo over grass (Fig. 6a), and this is related to the
computation of ground snow fraction [i.e., Eq. (8)].
Previous studies (e.g., Niu and Yang 2007) and Fig. 3a
have demonstrated the underestimate of snow fraction
using Eq. (8). This can be easily understood: because
1020, 4 in Eq. (8) roughly represents the height of ground
elements, snow as deep as these elements only covers
50% of the ground based on Eq. (8) rather than fully
covering the ground. It needs to be emphasized that
the use of Eq. (8) in the original BATS land model
(Dickinson et al. 1993) is not necessarily as bad because
of compensating effects of other BATS components for
the computation of snow albedo. For CLM3 in which
snow burial fraction and radiative transfer through can-
opy are computed, Eq. (8) needs to be revised, and our

suggestion is simply to drop the factor 10 from the term
1020y, in Eq. (8):
ZS]’\

. 17
+ ZSH ( )

fSl’l0:

Z0m,g

This revision substantially reduces the albedo under-
estimate over grass (Fig. 11a) without much effect over
forest (Fig. 11b).

Because the radiative transfer through canopy is ex-
plicitly computed (using the two-stream approximation)
in CLM3, an important question is how LAI and SAI
affect snow albedos. Zhou et al. (2003) found that,
among the variables used to calculate model albedo,
LAI and SAT are tightly linked with the spatial pattern
and magnitude of the albedo biases, especially over re-
gions with large albedo biases. The vegetation reduces
snow albedo through an increase in solar absorption (in
particular in the VIS band) by vegetation, a reduction in
openings exposed to sun, and an increase in the fraction
of shadow. Oleson et al. (2003) demonstrated that a
positive model albedo bias may be caused by the un-
derestimate of LAI and SAI, because a sparser can-
opy would result in more snow-covered ground being
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FIG. 9. Sensitivity of Noah snow albedo to the use of maximum snow albedo as used in WRF
(at NCAR) and revised W, values in Eq. (8) over the (a) grass and (b) forest sites using the data

in Fig. 6.

exposed. Here we further address the effect of LAI and
SATI through sensitivity tests with SAI = 0 or 0.5 and
LAI = 0.5, 1, 1.5, and 3 using data in Fig. 6. Over the
grass site, LAI and SAI have no effects because of rel-
atively deep snow (0.45 m; Figs. 12a,b). Over the forest
site, however, both LAI and SAI affect the mean albedo
and the SZA dependence of snow albedo (Figs. 12¢,d).
In particular, CLM3 results are closest to measurements
with LAI + SAI = 1 (i.e., LAI = 1 and SAI = 0 in
Fig. 12c and LAI = 0.5 and SAI = 0.5 in Fig. 12d). It is
also interesting to note that, while the albedo increases
with SZA (i.e., decreases with cosf) at a relatively high
LAI + SAlin Figs. 12c,d, the albedo actually increases with
cosf at a small LAI + SAI (in particular for SAI = 0 and
LAI = 0.5 in Fig. 12c). Although the former is usually
expected, the latter is correct as well because at local
noon (with the highest cosf) the forest shading effect of
underlying snow is small.

6. Conclusions

Although some previous studies have evaluated the
snow albedo as part of an overall land model study, it is
difficult to conclude whether the snow albedo treatment

itself in land models is appropriate. Complementary to
the previous studies, we have addressed this issue in this
study by directly testing the snow albedo formulations
used at some of the major weather forecasting and cli-
mate research centers, including the Noah land model
used at the NCEP regional and global forecasting
models and at the NCAR WREF, the Hou et al. (2002)
scheme for albedo computation used for NCEP global
forecasting models (denoted here as NG), the NCAR
CLM3, and the ECMWEF land model.

First, four idealized cases at the BOREAS grass and
forest sites were designed to better understand the dif-
ferent albedo formulations in these models. The diffuse
albedos from Noah and NG do not change with time
because of a constant SWE assumption in the idealized
cases. However, the diffuse albedos from CLM3 and
ECMWEF decrease with time because of the snow aging
effect. The SZA dependence of albedo is neglected in
Noah and ECMWF, whereas it is considered in NG and
CLM3. Over the grass site, ECMWF snow fraction
reaches unity first at a snow depth of 15 cm. In contrast,
the ground is still not fully covered in CLM3 or NG even
with 1 m of snow. Over the forest site, the increase of
snow fraction with snow depth is slowest in NG. Although
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and new [i.e., Eq. (18)] snow fraction formulations over the (a) grass and (b) forest sites using

the data in Fig. 6.

the diffuse albedo over the forest site converges to a
much smaller value than over the grass site in Noah,
ECMWF, and CLM3, it still increases with snow depth
in NG even after snow depth is higher than 1 m, which is
incorrect.

Then, the BOREAS in situ data were used to evaluate
model snow albedo and relevant processes. Because
we intend to test model albedo formulations directly
(without running the land model), only the periods with
snow on the ground but without snowfall or snowmelt
were chosen for the comparison. Over the BOREAS
grass site, CLM3, Noah, and, to a lesser degree, ECMWF
underestimate the blue-sky albedo because of relatively
small snow fraction, whereas the NG albedo is closest to
observations because of its highest snow fraction among
the four models for shallow snow. Over the forest site,
ECMWEF results are close to observations because a
constant albedo for snow under trees is prescribed based
on BOREAS observations. CLM3 also provides rea-
sonable results because the two-stream approximation
can partially handle the forest shading effect. Noah
slightly overestimates snow albedo. Because NG treats
snow above grass and snow under trees in the same way,
it significantly overestimates snow albedo over the forest

site. The decrease of observed albedo with time because
of the snow age effect is most significant for high snow
albedo values over grass, whereas this decrease is more
moderate (in absolute value) when the albedo itself
is relatively small (e.g., over the forest site). CLM and
ECMWEF can reasonably simulate the latter, but they fail
to simulate the former.

Based on these analyses, we have come up with ideas
that involve only minor changes in parameters or for-
mulations in each model to significantly improve each
model’s performance. For NG, replacing the globally
constant diffuse snow albedo by the vegetation-type-
dependent MODIS maximum snow albedo would sig-
nificantly improve the albedo computation over forest.
For Noah, using W, = 0.01 m for short vegetation and
We = 02 m for tall vegetation in the snow fraction
computation would significantly reduce Noah’s under-
estimate of snow albedo over grass and overestimate
over forest. Sensitivity tests also show that using the
vegetation-type-dependent maximum snow albedo as
used in WRF/Noah at NCAR would significantly in-
crease Noah’s albedo bias over forest, suggesting that
the MODIS maximum snow albedo data should be used
in WRF/Noah. For ECMWF, using the square root of
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SWE (rather than SWE itself) in the snow fraction for-
mulation would reduce the albedo bias by more than
50% over grass without affecting the good results over
forest. For CLM3, simply dropping the factor 10 from
the term 10z,,, in ground snow fraction formulation
would substantially reduce the albedo underestimate
over grass without much effect over forest. Our sensitivity
tests also show that the effect of LAI and SAI is very
small over grass in CLM3. However, both LAI and SAI
affect the mean albedo and SZA dependence over forest.

Through this study, we have not solved the difficult
problem of snow albedo computation; instead, we have
made some progress by identifying and understanding
model deficiencies and making suggested minor revi-
sions to significantly improve the performance of each
of the four land models. These revisions are easy to
implement in these models. To assess the robustness of
our revisions, we have also used measurements from
a grass site in Barrow, Alaska (71.32°N, 156.62°W; see
http://www.arm.gov/sites/nsa/C1/), and results are fully
consistent with those over the BOREAS grass site (fig-
ure not shown): our minor revisions significantly reduce
the albedo underestimation by Noah and CLM3 as well
as by the ECMWF land model for snow depth less than

0.15 m (i.e., snow fraction less than 1), and their effect
on NG is small. In a similar way, we have used mea-
surements over the Hyytiala forest site (61.85°N, 24.28°E)
in Finland (Vesala et al. 1998; Hannuniemi et al. 2007),
and the results are fully consistent with those over the
BOREAS forest site (figure not shown): our minor re-
visions significantly improve the albedo overestimation
in NG and Noah, and their effect on CLM3 and ECMWF
is minimal.

Even though we have focused on four specific land
models, some of the conclusions are relevant to all land
models. For instance, snow fraction cannot be evaluated
independently (i.e., without considering the snow al-
bedo formulation). In other words, the same snow frac-
tion could yield very different snow albedos in different
models. For this reason, we are not attempting to give
a single snow fraction formulation for all land models
here. Although the use of satellite maximum snow albedo
(e.g., from MODIS) is overall beneficial, additional fac-
tors (e.g., the snow aging effect and the possibly higher
albedo of fresh snow intercepted by canopy than the
MODIS albedo) need to be considered—in particular,
over forest regions. Although verification using additional
data is needed, our data analyses indicate that the snow
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grass and forest sites using data in Fig. 5: (a) the grass site with SAI = 0, (b) the grass site with SAI = 0.5, (c) the forest
site with SAI = 0, and (d) the forest site with SAT = 0.5. Note that all model results overlap in (a) and (b).

albedo decrease with time is most significant when al-
bedo itself is high.

The albedo formulations in NG, ECMWF, and Noah
are relatively simple and empirical, but they are inferred
from observations. In contrast, the two-stream radiative
transfer scheme in CLM3 is more complicated and is
based on radiative transfer theory, but it contains sev-
eral assumptions, as discussed in section 2. In particular,
the two-stream scheme in CLM3 does not treat canopy
shading effect well. Progress has been made in recent
years to address this issue by developing the four-stream
scheme (Tian et al. 2007) or by improving the two-
stream scheme (Pinty et al. 2006). Even more realistic
for the computation of surface albedo and radiative
transfer through canopy would be the three-dimensional
Monte Carlo models, but the potential use of such
models in global weather and climate studies still has
a long way to go.
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